Background: Effective pulmonary blood flow (CO EPBF ) has recently been validated for its ability to measure cardiac output (CO) in children and animals. This study compared CO EPBF with the Fick method (CO Fick ) and CO measurements using an invasive pulmonary artery flow probe (CO TS ). The aim of the study was to validate CO EPBF against these reference methods in a porcine model of hypoxia-induced selective pulmonary hypertension. Methods: Ten anaesthetised mechanically ventilated piglets (median weight 23.9 kg) were exposed to a hypoxic gas mixture inducing selective pulmonary hypertension. Pulmonary hypertension was subsequently reversed with inhaled nitric oxide. Simultaneous recordings of CO EPBF , CO Fick , and CO TS were performed throughout the protocol and examined for agreement and trending ability. Results: Overall bias (Bland-Altman) between CO EPBF and CO TS was 0.2 L min À1 (limits of agreement À0.5 and þ0.9 L
Editor's key points
The effective pulmonary blood flow (CO EPBF ) is a new method to measure cardiac output (CO) that has been validated under normal haemodynamic conditions. Whether the CO EPBF is able to detect changes in CO during hypoxia-induced pulmonary hypertension and nitric oxide inhalation is, however, unclear. With a close agreement to gold standard reference methods, CO EPBF showed good accuracy for monitoring of absolute values and changes in CO during pulmonary hypertension and subsequent vasodilatory treatment in piglets.
We previously validated a continuous capnodynamic approach to determine cardiac output (CO) based upon effective pulmonary blood flow (CO EPBF ) during normal, high, and low CO states in animals 1e3 and in healthy infants. 4 Agreement of the CO EPBF with other established CO comparators has been encouraging and is associated with good trending capabilities. 1e5 However, how CO EPBF performs in a situation of selective pulmonary vasoconstriction or pulmonary hypertension, resulting in a selective right ventricle increase in afterload and consequent variations in pulmonary carbon dioxide (CO 2 ) content, is unknown. This is important to determine, as stable pulmonary CO 2 content is one of the prerequisites for the current capnodynamic method. 6 Thus, the primary aim of the current study was to compare CO EPBF for its ability to measure and detect changes in CO during hypoxia-induced pulmonary hypertension, and subsequent administration of inhaled nitric oxide (iNO). For this purpose, CO EPBF was compared with the invasive ultrasonic flow probe mounted on the main pulmonary artery (CO TS ) 7 and direct CO 2 Fick (CO Fick ) 8e10 as well-established methods to measure CO.
Methods

Animal preparation
The study was performed at the Hedenstierna Laboratory, Uppsala University, Uppsala, Sweden. After approval from the Uppsala Animal Ethics Committee (Uppsala, Sweden case number C75/16), 10 domestic-breed piglets of both sexes, median weight 23.9 kg (range 23.5e24.6 kg), age 6e8 weeks, were collected from the same breeding colony (Må ngsbo Farm, Uppsala, Sweden) and were kept in a light-and temperaturecontrolled environment, with unlimited access to tap water and food on a standardised schedule. The pigs were handled in accordance to the animal experimentation guidelines of the Uppsala Animal Ethics Committee and Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. The anaesthetic and surgical procedures have been described in detail in our previous work. 4 In summary, the pigs were sedated with atropine 0. 
Cardiac output measurements
CO EPBF
The continuous capnodynamic method, using the Differential Fick's principle, has previously been described 11 and the specific CO application used in the current study has previously been reported by H€ allsj€ o and colleagues 1 and in our previous work. 4 The continuous method is based on the molar balance for CO 2 Briefly, the ventilator continuously delivers an experimental breathing pattern of a series of six breaths with an inspiratory/expiratory relationship of 1:2 followed by three breaths with a 2 s expiratory pause. The pause creates an approximate 0.5e1 kPa increase in alveolar CO 2 concentration and an increase in CO 2 elimination, proportional to alveolar blood flow. The recorded CO 2 changes are subjected to continuous mathematical analysis based on Eq. (1) as previously described 4 and subsequent breath-by-breath update of the CO EPBF value. In the absence of major cardiac or pulmonary shunting, CO EPBF will be closely related to pulmonary blood flow and thus systemic CO. 6 The mathematical analysis required for the continuous CO EPBF calculation was done in Matlab (MatlabTM, The Mathworks Inc, Natick, MA, USA). In summary, the current capnodynamic method is calibration free and only requires controlled mechanical ventilation with volumetric capnography for VCO 2 estimation, variations in I:E relationship, and a haemoglobin value to estimate pulmonary end capillary CO 2 content. 1 
CO TS
The signals from the ultrasonic flow probe (AU-series COnfidence Flowprobe® with ultrafit circle liner, Transonic System, Inc., Ithaca, NY, USA) were sampled into the sampling device (T 401; Transonic System, Inc.) in accordance with the instructions from the manufacturer. A filter of 0.1 Hz was used to display the mean CO TS over 10 s.
CO Fick
CO Fick was determined by simultaneous arterial and mixed venous blood gas measurements and calculations of CO 2 content (ml dl À1 ) in whole blood 12 and CO 2 elimination (VCO 2 , ml min À1 ) recorded with the ventilator. 13 CO Fick was then determined as described in Eq. (2).
VCO 2 , CO 2 elimination (ml min À1 ); C v CO 2 , mixed venous
); and c a CO 2 , arterial CO 2 content (ml L À1 ).
Study protocol
The piglets were allowed a 15 min stabilisation period before initiation of the study protocol. The lungs were ventilated using pressure control ventilation (FiO 2 0.4, PEEP 5 cm H 2 O, and tidal volumes 8e10 ml kg À1 ) and a ventilatory frequency adjusted to produce normocapnia (end-tidal CO 2 : 4.5e6.7 kPa).
The ventilator was equipped with additional software creating the breathing pattern required for CO EPBF determination (Servo I, Maquet Critical Care AB, Solna, Sweden). Ten consecutively paired baseline measurements, 1 min apart, were performed for inherent precision calculations of CO EPBF and CO TS . The inherent precision calculation for CO Fick was done using three consecutive baseline values recorded 1 min apart.
FiO 2 was thereafter decreased in two steps from 1.0 to 0.5 and 0.21. At FiO 2 below 0.21, inspired oxygen concentration was gradually reduced in small increments, approximately every 10th min using a gas mixture of air and nitrogen to achieve a 100% increase in pulmonary vascular resistance (PVR) from the baseline recorded at FiO 2 1.0. After this, iNO 20 ppm was added by an iNO supplying device (SoKinox™, Air Liquide, Paris, France). Some 3 min after the inhalation NO concentration reached 20 ppm, simultaneous recordings of all three CO methods were done. FiO 2 was then gradually increased in small increments to 0.21, and then stepwise to 0.5 and 1.0. At each step, time was allowed for haemodynamic stabilisation before simultaneous CO EPBF , CO TS , and CO Fick recordings were done. The protocol was then stopped and the animals were euthanised according to the established standard at the laboratory.
Statistical analysis
From previous data we used an accepted mean difference of 0. Thus, this represents serial and not repeated measurements. The mean percentage error for CO EPBF and the reference methods were defined as 1.96ÂSD of the difference between the techniques divided by the mean of the reference technique as proposed by Critchley.
18 A priori, a mean percentage error 30% was considered to represent clinical useful reliability of CO EPBF as compared with the reference method, as previously described. 18 The ability of CO EPBF to track changes in CO was assessed by concordance calculation (the proportion of measurements that change in the same direction when the CO EPBF and reference methods are compared). For CO TS vs CO EPBF , a 10% exclusion zone was chosen, extrapolated from the precision of the reference method. For CO Fick vs CO EBF , the standard 15% zone was used as previously suggested. 19 GraphPad Prism (version 7.0 for Windows, GraphPad Software, San Diego, CA, USA) was used for all statistical calculations and Microsoft Excel for Mac 2011 (Microsoft Corp., Redmond, WA, USA) version 14.5.7 for data handling.
Results
All animals survived the experiment. 
Calculated inherent precision
The calculated inherent precisions were ±6% for CO EPBF, ±4% for CO TS , and ±28% for CO Fick , which is in line with previous publications. 18 
Changes in SaO 2 , PVR, PAP, and PCWP
Inhalation of hypoxic gas mixture resulted in an expected increase in PVR and PAP in all animals. The median FiO 2 to reach the desired increase in PVR was 0.16 (0.13e0.17). PCWP was largely unchanged throughout the experiment. Table 1 summarises the changes in in SaO 2 , PVR, PAP, and PCWP in response to various FiO 2 levels, respectively. Figure 1 and Table 2 .
Changes in cardiac output
Agreement of absolute values
CO EPBF vs CO TS
Agreement for all paired data, assessed with Bland-Altman analysis, showed a mean bias between CO EPBF and CO TS of 0.2 L min À1 (95% limits agreement of e0.5 to þ0.9 L min À1 )
with an associated mean percentage error of 25%. A BlandAltman plot of paired data from all interventions is shown in Figure 2 .
CO EPBF vs CO Fick
Agreement for all paired data, assessed with Bland-Altman analysis, showed a mean bias between CO EPBF and CO FICK of À0.1 L min À1 (95% limits agreement of À0.9 to þ0.6 L min À1 )
with an associated mean percentage error of 25%. A BlandAltman plot of paired data from all interventions is shown in Figure 3 . 
CO TS vs CO Fick
Agreement for all paired data, assessed with Bland-Altman analysis, showed a mean bias between CO TS and CO Fick of À0.1 L min À1 (95% limits of agreement of À0.6 to þ 1 L min À1 ), with an associated mean percentage error of 30%.
Trending ability/concordance
The concordance between CO EPBF /CO TS and CO EPBF /CO Fick was 86% and 81%, respectively. Figure 4 shows the four-quadrant plot with 10% exclusion zone for CO EPBF and COTS.
Discussion
The main result of the present study was that CO EPBF during hypoxic selective pulmonary hypertension and subsequent iNO treatment was able to measure and trend CO values very close to the recordings obtained with the gold standard technologies CO TS and CO Fick . CO EPBF has in previous studies been shown to correlate well with CO TS during both major and minor hemodynamic challenges 1e5 and has even been shown to perform better in the clinical setting when compared with supra-sternal Doppler determinations of CO in children. 5 However, it has so far not been validated in a situation of selective pulmonary vasoconstriction. This is important as selective hypoxic pulmonary vasoconstriction with subsequent pulmonary hypertension will stress three important issues with regards to CO EPBF . First, selective hypoxic pulmonary vasoconstriction and hypertension will mainly increase the workload on the right ventricle that is responsible for lung perfusion. Second, pulmonary vasoconstriction will 'squeeze' blood out of the small vessels within the lung and thereby change the assumptions of the CO EPBF concept, which involves the intrinsic CO 2 content of the lung tissue and the small lung vessels. 1 Thus, the intrinsic lung content of CO 2 will be reduced as a result of pulmonary vasoconstriction. Third, more profound changes in the pulmonary blood flow, with resulting hypoxia, changes the CO 2 content in whole blood via the Haldane effect. 20 As the underlying EPBF algorithm is based on normoxaemia for its calculations of CO 2 content, 6 it is of importance to examine if pulmonary vasoconstriction and hypoxia will affect performance of CO EPBF .
CO EPBF performance under hypoxia-induced selective pulmonary hypertension
In general, the three issues outlined above did not appear to negatively influence the CO monitoring capability of CO EPBF compared with CO TS and CO Fick , respectively. Instead, bias was found to be minimal with mean percentage error values of 25%, something that compares favourably with other CO monitoring options (e.g. arterial pressure-based CO measurements, transoesophageal Doppler ultrasound, bioimpedance techniques). Thus, according to current accepted standards, 18 CO EPBF can be viewed as an alternative in terms of absolute values with the reference methods CO TS and CO Fick . Furthermore, these findings should be viewed against the background that CO TS is one of the most accurate CO reference methods available with high accuracy, precision, and short response time. 7 As CO EPBF is based on differentiated CO 2 Fick, 16 we also decided to compare it against a direct CO Fick method as a way of further confirming the robustness of the capnodynamic CO EPBF algorithm. As alluded to above, hypoxia in itself affects the CO 2 content in blood by facilitating CO 2 loading and shifting the CO 2 dissociation curve upwards via the reverse Haldane effect. 20 This has the potential to influence the calculated CO EPBF , as the underlying mathematical algorithm assumes normoxemia. 6 However, hypoxia was not found to cause any major changes in agreement when compared with the other two CO monitoring methods. In fact, hypoxia down to SpO 2 70% did not seem to cause any substantial disagreements, as mean percentage error under all circumstances remained <30%.
Agreement and trending ability
CO EPBF showed excellent agreement and trending ability compared with CO TS for the recorded changes in CO. The 10% exclusion zone for CO TS vs CO EPBF , which differs from the standard applied 15% zone, was based on the good precision of the reference method. However, as the precision calculation was done during stable baseline conditions, it does not necessarily apply in situations of physiological stress. Consequently, when increasing the exclusion zone to the standard 15% to partially compensate for this, the concordance rate increased to 91%. CO EPBF did show good agreement with CO Fick but failed to trend above the accepted 92% concordance rate. 19 This is most likely because of the decreased precision of CO Fick , 8 causing most of the paired data points for CO Fick to be lost in the 15% exclusion zone.
Limitations of the study CO EPBF calculates the blood flow that participates in gas exchanges, which means that it does not take pulmonary shunt blood flow into account. We did not determine the actual shunt in this study, however, in our previous studies using a similar basic design, the shunt fractions have been low (approximately 10%).
5
A further issue is that we had to use 20e25 kg piglets to be able to perform the instrumentation properly. This also increased the possibility that the piglets would tolerate the rather extreme degree of hypoxia without the imminent risk of cardiovascular collapse. As one of the ultimate goals of CO EPBF is to be able to use this technology even in newborn babies, this limitation should be kept in mind when evaluating the results on children of other ages.
In conclusion, CO EPBF was found to display good agreement compared with CO TS and CO Fick with a mean percentage error of <30% during hypoxic selective pulmonary hypertension and subsequent iNO exposure. Further, general hypoxia did not appear to negatively influence the assessment capability of CO EPBF , which appears robust even down to peripheral arterial oxygen saturations of 70%. The results show that CO EPBF fulfils consensus requirements for being viewed as an alternative technique with CO TS and CO Fick to monitor CO under experimental conditions.
